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ABSTRACT

We report two tunable diode laser configurations emitting around 2.6lm, where the gain is provided by a high-gain GaSb-based reflective
semiconductor optical amplifier. The lasers are driven in pulsed mode at 20 �C, with a pulse width of 1 ls and 10% duty cycle to minimize
heating effects. To demonstrate the broad tuning and high output power capability of the gain chip, an external cavity diode laser configura-
tion based on using a ruled diffraction grating in a Littrow configuration is demonstrated. The laser shows a wide tuning range of 154 nm
and a maximum average output power on the order of 10 mW at 2.63lm, corresponding to a peak power of 100 mW. For a more compact
and robust integrated configuration, we consider an extended-cavity laser design where the feedback is provided by a silicon photonics chip
acting as a reflector. In particular, the integrated tuning mechanism is based on utilizing the Vernier effect between two thermally tunable
micro-ring resonators. In this case, a tuning range of around 70 nm is demonstrated in a compact architecture, with an average power of
1mW, corresponding to a peak power of 10 mW.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140062

Many industrial and environment-related applications require
monitoring multiple gases, including H2S, C2H4, CH4, CO, CO2, and
N2O, which all exhibit strong absorption lines in the 2–3.5lm wave-
length region.1 To this end, the development of specialized light sour-
ces to be used for spectroscopic analysis in this wavelength range has
attracted increased attention.2–5 However, available light sources
addressing this need do not offer a suitable combination of output
power, spectral coverage, compactness, power consumption, and
price.6–8

Tunable external or extended cavity lasers, which combine a
semiconductor gain chip and an external feedback and tuning mecha-
nism, present an attractive option for the spectroscopic applications,
enabling a wide tuning range and a narrow linewidth simulta-
neously.9,10 This is in contrast to monolithic diode lasers, such as verti-
cal cavity surface emitting lasers (VCSELs) and distributed feedback
(DFB) lasers,11,12 where a compromise has to be made for at least one
of these characteristics. On the other hand, traditional external cavity
lasers have a larger footprint and increased cost. These aspects can be
mitigated by developing an integrated solution exploiting silicon

photonics. Such solutions have been widely adopted for III–V/silicon
photonic integration at telecommunication wavelengths and are grad-
ually breaking ground to wavelengths longer than 2 lm.3,5,13

For a III–V active element, GaSb-based type-I quantum well
(QW) heterostructures are ideal to be used as gain elements in tunable
diode lasers (TDLs) for the 2–3lm range, as they can access the entire
range with simple direct electrical injection.14 However, their deploy-
ment in tunable laser architectures has seen little development, in par-
ticular, at wavelengths beyond 2.3lm where non-radiative
recombination processes limit the output power and temperature
operation range.15,16 This difficulty is, for example, reflected when
comparing the power levels of state-of-the-art GaSb-based type-I
superluminescent diodes (SLDs). An output power as high as 120 mW
is attained near 2lm at room temperature (RT),17 while the power
drops by two orders of magnitude to the mW-level when translating
to 2.55lm.18 Recently, type-I GaSb-based tunable external cavity
diode lasers (ECDLs), with feedback provided by first-order diffraction
from a grating, have been demonstrated around the 2.0–2.4lm wave-
length range. In one configuration, the grating was used as the end
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mirror in the laser cavity, and tunability was obtained by rotating the
grating (Littrow configuration). This laser demonstrated less than 5
mW of continuous wave (CW) output power at 20 �C, with a tuning
range of less than 100nm per chip.19 In another configuration, the first
order diffraction was directed to an end mirror, and tunability was
obtained by rotating the mirror (Littman–Metcalf configuration). This
laser demonstrated a CW output power of over 20 mW at 20 �C, with
a wide tuning range of up to around 300nm.20 For integrated hybrid
lasers, a tunable type-II quantum well III–V-on-silicon laser operating
near 2.35lm wavelength has recently been demonstrated with mW-
level peak power near RT, and the platform is able to accommodate
lasers up to 2.5lm wavelength maximum.13 So far, integrated light
sources in the wavelength range of 2.5–2.7lm have seen little develop-
ment. However, gases such as H2O and H2S exhibit strong absorption
in this range,1 which would make such light sources important in
many sensing applications, such as measuring humidity.

We report two TDL configurations around 2.6lm: (a) a Littrow
laser and (b) an extended cavity laser that utilizes a silicon photonic
(SiPh) reflector chip exploiting the Vernier effect between two micro-
ring resonators (MRRs) (Vernier laser). For the SiPh implementation,
we tested two coupling schemes: (1) output taken either from the facet
of the gain chip or (2) the end-facet of the SiPh waveguide. In each
laser configuration, we utilized reflective semiconductor optical ampli-
fiers (RSOAs) to provide double-pass gain and cavity feedback. The
epitaxial structure of the gain chip consisted of two compressively
strained GaInAsSb QWs (�2% strain) positioned within two 270nm
thick lattice-matched AlGaAsSb waveguide layers. The active region
was embedded in 2lm thick p- and n-AlGaAsSb cladding layers. In
order to minimize the free carrier absorption near the active region, the
doping levels in the cladding were linearly graded from 2� 1017 cm�3

to 2� 1018 cm�3.
The geometry of the gain chip employed a “J-shape” waveguide

layout, where the front facet of the ridge waveguide (RWG) is tilted to
reduce back reflections and the rear facet is kept straight to provide max-
imum reflection. The RWG bend follows an Euler spiral geometry,21

where the bending radius decreases with the increasing arc length. A
large minimum bending radius of 18mm was used in the RSOAs, lead-
ing to negligible bending losses. The tilt angle at the front facet was 7�,
minimizing the back reflections, and the length of the device was
2.85mm. A schematic of the RSOA is shown in Fig. 1.

The RSOAs were mounted p-side up on AlN submount for the
Littrow laser, for the ease of fabrication, and p-side down for the
Vernier laser, for compatibility with the input channel in the SiPh
chip. Both chips had an anti-reflection coating (ARC) on the front
facet to maximize output coupling. The rear facet was high-reflectance
coated (HRC) to minimize mirror losses for the p-side down chip and
left as-cleaved for the p-side up mounted chip, providing�30% reflec-
tance. All tests presented in this paper were performed in pulsed oper-
ation at 20 �C, with a pulse width (PW) of 1 ls and 10% duty cycle
(DC). The power measurements were averaged over time and are

hereafter referred to as average powers, unless otherwise mentioned.
Figure 2 (a) shows the measured average output power of the RSOA as
a function of pulse amplitude for the p-up mounted chip (red) and the
p-down mounted chip (blue), and Fig. 2(b) shows the measured out-
put spectrum. The devices exhibited maximum average output powers
of 6.4 mW and 6.8 mW, corresponding to peak powers of 64 mW and
68 mW, for the p-up mounted chip and the p-down mounted chip,
respectively. The full width at half maximum (FWHM) of the spec-
trum is 84 nm. Further improvement in average power can be
obtained by optimizing the pulsed injection parameters.18

In the Littrow laser, the RSOA was placed on a heatsink, and the
beam from the front facet with the bent WG was coupled into an
external ruled reflective diffraction grating with an aspheric lens. The
diffraction grating provides feedback into the RSOA at the first diffrac-
tion angle. The grating was rotated around a pivot point in order to
minimize mode hopping, as defined in Ref. 10. Because the output
beam from the grating moves as the grating is rotated, the output was
coupled to a multimode fiber (MMF) from the rear facet of the RSOA.
The MMF was intentionally brought in at an angle in order to mini-
mize the parasitic feedback from the fiber tip, at the expense of attain-
ing a weaker signal. A schematic of the Littrow laser is shown in Fig. 3.

The gain chip was then driven with 700mA pulses, and the out-
put spectrum was scanned as a function of the angle of the diffraction
grating, using a Fourier transform infrared (FTIR) spectrometer.
Figure 4(a) shows the emission wavelength of the laser as a function of
the motorized actuator position, which corresponds to the angle of the
diffraction grating. The laser exhibited a wide tuning range of 154nm,
emitting at wavelengths from 2513nm to 2667nm. Even with the rota-
tion around the pivot point, the grating feedback wavelength does not
tune totally in phase with the cavity modes, which leads to the mode

FIG. 1. Schematic of the RSOA chip.

FIG. 2. (a) The average output power of the p-side up mounted (red) and p-side
down mounted (blue) RSOA as a function of injection current pulse amplitude and
(b) the emission spectrum of the RSOA chip.

FIG. 3. Schematic of the Littrow laser.
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hops in the tuning curve. Mode-hop-free (MHF) tuning on the order
of few nanometers around any wavelength is possible by adjusting the
location of the pivot point or the injection current since this will
change the cavity phase and subsequently the location of the external
cavity modes.

Figure 4(b) shows emission spectra at different motorized actua-
tor positions. The diffraction grating and collimation optics were
aligned at 2.6lm emission wavelength, and higher intensities at other
wavelengths can be achieved by actively aligning the optics at each
wavelength. The lowest spectral FWHM and the highest side-mode
suppression ratio (SMSR) are reached when the cavity modes and the
grating reflection wavelength overlap. Overlapping can be achieved at
any wavelength value, e.g., by adjusting the pivot point position or the
injection current. The lowest measured FWHM and SMSR values
were <0.2 nm and �25 dB, respectively, and the measurement was
limited by the resolution of the FTIR and the strength of the signal.

The maximum average output power was achieved at 2628nm
and is �10 mW with 1500mA pulsed injection. This corresponds to a
peak power of �100 mW. This is higher than what has been reported
for Littrow lasers at 2.05–2.45lm,19 with comparable SMSR values.
The lowest threshold current of �200mA was also achieved at
2628nm. The average output powers at 2513 nm and 2667nm were
�0.9 mW and �0.4 mW, respectively. The laser also produced mW-
level power in CW operation. However, the highest average powers
are achieved in pulsed operation, and we expect average powers several
times higher than 10 mW to be achievable by optimizing the pulsed
injection parameters.18 This would result in similar power levels as
reported for Littrow lasers at 2.05–2.45lm,19 with a wider tuning
range and comparable SMSR. The power level would also be similar to
Littman–Metcalf lasers reported at 1.7–2.5lm,20 although with a nar-
rower tuning range and lower SMSR.

In the Vernier laser, the RSOA was placed on a heatsink attached
to a rotation stage, and the SiPh chip was placed on a three-axis stage.
Both facets of the SiPh chip were AR coated to minimize parasitic reflec-
tions from the facets. Using rotation and three-axis stages, the wave-
guides in the RSOA and the SiPh chip were aligned by maximizing the
output signal measured with a single-mode fiber (SMF) from the end-
facet of the SiPh chip. A schematic of the laser is shown in Fig. 5.

The SiPh chip was fabricated at VTT and utilizes the 3lm
silicon-on-insulator (SOI) platform, which features low optical losses
and the possibility for ultra-dense integration.22 The chip consists of
two MRRs (MRR1 and MRR2) with slightly different lengths, produc-
ing slightly different free spectral range (FSR) values. This will lead to
Vernier effects, where only some of the reflectance peaks (spaced by a
certain FSR value) overlap, while the other peaks are suppressed. The
nominal lengths of MRR1 and MRR2 were 774.3lm and 817.1lm,
respectively. An example of a simulated reflectance spectrum from
individual MRRs and the total reflectance spectrum from such a reflec-
tor are shown in Fig. 6. Integrated next to the MRRs on the SiPh chip
are two resistive heaters, allowing us to change the effective refractive
index of the individual MRRs. Using the heaters, the wavelength of the
laser can be tuned by controlling the voltage applied to them. The
SiPh chip utilized 85:15 multimode interference (MMI) couplers,
which couple�50% of the Vernier signal to the back to the RSOA and
�50% of the signal into the output waveguide.

The Vernier laser was driven with 2A pulses, and the output
spectrum was scanned, while the drive voltages to the resistive
heaters integrated on MRR1 and MRR2 were varied from 0V to 20V.
Figure 7(a) shows the tuning map, where the x-axis shows the drive
power to the heater integrated on MRR1, the y-axis shows the drive
power to the heater integrated on MRR2, and the color shows the

FIG. 4. (a) The emission wavelength of the Littrow laser as a function of the motor-
ized actuator position and (b) emission spectra at different motorized actuator
positions.

FIG. 5. Schematic of the Vernier laser, where the SiPh chip is used as the out-
coupler.

FIG. 6. (a) An example of a simulated reflectance spectrum from the individual
MRRs (red: MRR1, blue: MRR2) and (b) the total reflectance.

FIG. 7. (a) Emission wavelength (color) of the Vernier laser as a function of the
power driven to each heater (x- and y-axes) and (b) emission spectrum at two oper-
ation points.
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emission wavelength. The laser exhibits a wide tuning range of
approximately 70 nm, with access to almost all wavelengths between
2550nm and 2620nm. The small mode hops of �2nm arise from the
FSR of the individual MRRs, while the large mode hops of �42nm
exist because the gain bandwidth of the RSOA is wider than the FSR
of the SiPh reflector, leading to mode competition between adjacent
Vernier reflector modes.

Figure 7(b) shows the emission spectrum of the laser at two oper-
ation points. The output power of the laser was in the lW-level. This
relatively low value is due to waveguide coupling losses and losses of
the SiPh chip (�6 dB based on preliminary assessment). The spectral
purity of the laser is limited mainly by two factors: (a) the limited FSR
of the SiPh chip, which leads to emission around two reflectance peaks
(red spectrum curve), and (b) the presence of side modes even when
the laser is locked to one of the main reflectance peaks (blue spectrum
curve). The issue (a) can be resolved by designing a SiPh chip with a
wider FSR, which exceeds the gain bandwidth of the RSOA. The issue
(b) is related to the fact that the reflectance of the peaks that are adja-
cent to the maximum reflectance is not low enough to suppress the
modes. This can be solved by designing SiPh chips with more contrast
between the reflectance values. In addition, the overlap between the
cavity modes and the maximum reflectance is not optimal, which can
be resolved by integrating a phase shifter into the SiPh chip.
Additionally, a higher Q factor would decrease the probability of cavity
mode overlap with the adjacent reflectance peaks.

Figure 8(a) shows the map of the SMSR as a function of the drive
powers. The measurement was limited by the relatively poor signal-to-
noise ratio (SNR) due to the low output power. There are regions where
the SMSR reaches high values (around 14dB at best), separated by low
SMSR regions. We investigated one of these high SMSR value regions,
and it was found that by tuning the heaters simultaneously near this
region, quasi-continuous tuning could be achieved. Figure 8(b) shows
tuning from 2559nm to 2559.8 nm. True MHF tuning would require a

phase shifter to be implemented into the SiPh chip, in order to tune the
cavity modes in phase with the reflectance peaks.

Finally, a configuration in which the SiPh chip was used as an
end mirror and the output was taken from the facet of the RSOA was
tested, exhibiting a reflectivity of �30%. In addition, the SiPh chip uti-
lized 72:28 MMI, leading to a stronger feedback of about 72%. The
nominal lengths of MRR1 and MRR2 were 504.3lm and 544.7lm,
respectively. The resistive heaters were not tuned in this configuration.
A schematic of this configuration is shown in Fig. 9.

Figure 10(a) shows the average output power as a function of
injection current for the RSOA without the SiPh chip (blue) and for
the Vernier laser (red). Figure 10(b) shows the output spectrum at
2000mA injection current, which shows lasing, although with clear
side modes. The maximum average output power of the Vernier laser
is obtained at 2000mA, and it is �1 mW. This corresponds to a peak
power of �10 mW, which is �10 times higher than what has been
reported for similar lasers at 2.35lm near RT.17 The power is also sev-
eral orders of magnitude higher than the power that was obtained
when the Vernier reflector was used as the out-coupler. This confirms
our estimation for the high losses in the SiPh chip waveguide
coupling.

In conclusion, we have demonstrated a tunable GaSb/silicon
extended-cavity laser in the 2.5–2.7lmwavelength region, with record
broad tunability from a single chip for such hybrid laser implementa-
tion at >2 lm.10 The Littrow laser and the Vernier laser exhibited
wide tuning ranges of 154nm and 70nm, respectively. While the aver-
age output power of the Vernier laser was limited to �1 mW, the
Littrow laser demonstrates the excellent power capabilities offered by
the GaSb-based RSOAs in a TDL configuration. On the other hand,
the Vernier laser is much more attractive in terms of integration capa-
bility due to its compactness and lack of moving parts. Our future
work will focus on optimizing the Vernier laser designs in terms of
improving the waveguide coupling and designing SiPh chips with
lower losses and wider FSR, which should lead to significantly higher
output power and improved spectral purity, as well as a wider tuning
range of more than 100nm. When aiming at hybrid integration of
tunable lasers, thick-SOI waveguides can be efficiently coupled to
RSOA chips that are assembled in a cavity etched in the silicon chip.
This has several advantages, including high-coupling efficiency, low-
cost wafer-scale assembly, and miniaturized packaging.

The authors wish to thank M.Sc. Jarno Reuna for the
preparation of AR/HR coatings and Ms. Mariia Bister for the

FIG. 8. (a) A map showing the SMSR (color) as a function of power driven to each
heater and (b) demonstration of MHF tuning from 2559 nm to 2559.8 nm.

FIG. 9. Schematic of the Vernier laser, where the RSOA is used as the out-coupler.

FIG. 10. (a) The average output power of the RSOA rear facet (blue) and the
Vernier laser (red) as a function of injection current pulse amplitude and (b) the
emission spectrum of the Vernier laser at 2000 mA.
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20A. Vizbaras, I. �Simonytè, S. Droz, N. Torcheboeuf, A. Miasojedovas, A.
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